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The mitochondrial respiratory chain is essential for the conversion of energy derived from the oxi-
dation of metabolites into the membrane potential, which drives the synthesis of ATP. The electron
transporting complexes bc1 complex and the cytochrome c oxidase assemble into large supercom-
plexes, allowing efﬁcient energy transduction. Currently, we have only limited information about
what determines the structure of the supercomplex. Here, we characterize Aim24 in baker’s yeast
as a protein, which is integrated in the mitochondrial inner membrane and is required for the struc-
tural integrity of the supercomplex. Deletion of AIM24 strongly affects activity of the respiratory
chain and induces a growth defect on non-fermentable medium. Our data indicate that Aim24
has a function in stabilizing the respiratory chain supercomplexes.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Mitochondria are essential organelles, generate energy by oxi-
dative phosphorylation, play a central role in ion homeostasis
and are necessary for heme and Fe-S cluster biosynthesis [1–3].
Mitochondria form a reticular network in the cell and are sur-
rounded by a double membrane. The outer membrane (OM) sepa-
rates the intermembrane space (IMS) from the cytosol and allows
permeation of small metabolites. The respiratory chain is localized
in cristae structures formed by the inner membrane (IM) and
transfers electrons from reducing equivalents to its terminal accep-
tor molecular oxygen [4–6]. This process is coupled to the transfer
of protons across the inner membrane, generating the membrane
potential. This energy store allows the synthesis of ATP via the
mitochondrial F1FO ATPase but also drives selective transport of
metabolites, like ADP and ATP via the ADP/ATP carrier AAC across
the membrane [7,8]. As the mitochondrial genome encodes only
for a limited set of proteins, most proteins are nuclear encoded
and need to be imported from the cytosol. The import of proteins
into or across the inner membrane is an energy demanding process
and also highly depends on the membrane potential [9–12].The respiratory chain couples the electron transport to the pro-
ton translocation across the membrane. In baker’s yeast Saccharo-
myces cerevisiae several NADH dehydrogenases catalyze the initial
transfer of electrons from NADH onto ubiquinone. In contrast to
mammalian cells, yeast contains single membrane enzymes which
do not form large membrane integrated complexes and are not
able to transfer protons [13]. The bc1 complex (complex III), trans-
ferring electrons from ubiquinone to cytochrome c, and the cyto-
chrome c oxidase (complex IV), mediating the ﬁnal transfer of
electrons onto molecular oxygen, are large membrane complexes
and contribute to the generation of the membrane potential
[14,15]. A number of studies revealed that single complexes of
the respiratory chain oligomerize into distinct large supercomplex-
es [16–18]. In yeast, the dimeric bc1 complex associates with one
or two modules of the cytochrome c oxidase forming two distinct
supercomplexes with the stoichiometry III2IV and III2IV2 [19,20].
This oligomerization limits electron carrier diffusion and thereby
increases the efﬁciency of the respiratory chain [21]. A similar olig-
omerization has been also reported for the mitochondrial F1FO
ATPase [22].
The mechanisms, which determine the architecture of super-
complexes are just beginning to emerge. Studies on the assembly
of complexes III and IV are suggesting that the assembly process
depends on designated assembly factors, which drive the matura-
tion of these complexes by the stepwise integration of single
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mitochondrial genome [23–25]. Concomitant to the assembly of
complex IV and complex III occurs their assembly into supercom-
plexes. Recent studies elucidate that also this process is regulated
by speciﬁc assembly factors (Rcf1 and Rcf2) [26–28]. As membrane
protein complexes tightly interact with the lipid bilayer, lipids also
have a strong impact on the integrity of membrane complexes.
Cardiolipin is a phospholipid, which is almost exclusively located
in mitochondrial membranes and is predominantly found in the
inner membrane [29,30]. It is necessary for the stability of respira-
tory chain supercomplexes [31–33] and the structural integrity of
supercomplexes is affected in cardiolipin deﬁcient yeast mitochon-
dria [34]. A similar destabilization of supercomplexes was
described in Barth syndrome patients, carrying an inherited defect
in the cardiolipin biosynthesis pathway, which leads to a severe
form of cardiomyopathy and other symptoms [35–37].
In order to discover novel genes, which are required for mito-
chondrial biogenesis a high throughput analysis identiﬁed a set
of candidates defective in mitochondrial inheritance [38]. In this
study, deletion of the gene AIM24 increases the frequency of petite
colony formation and causes a decrease of growth rate on non-fer-
mentable media. Interestingly, Aim24 was previously identiﬁed as
a mitochondrial protein in a high throughput localization study of
chromosomally tagged green ﬂuorescent protein fusions and was
found in mitochondrial fractions in several proteomic approaches
[18,39,40]. We therefore became interested, if Aim24 plays a role
in the structure or function of the respiratory chain. Here, we show
that Aim24 is required for maximal activity of the respiratory
chain. Aim24 is integrated in the inner mitochondrial membrane
and necessary for the accurate formation of respiratory chain
supercomplexes.2. Materials and methods
2.1. Yeast strains and isolation of mitochondria
S. cerevisiae strain BY4741 aim24D was obtained from the Euro-
scarf collection (Euroscarf, Frankfurt, Germany). The yeast strain
Aim24GFP expressing AIM24-GFP fusion was generated by chromo-
somal integration. For complementation assays the sequence
encoding for AIM24 was cloned into the plasmid pRS416 and
transformed into aim24D cells. Yeast strains YPH499 expressing a
COR1-ZZ and a COX4-ZZ fusion were described previously [26].
Yeast cultures were grown at 30 C unless otherwise indicated in
rich medium (1% yeast extract, 2% peptone and 2% dextrose or
3% glycerol) or selective medium (0.67% yeast nitrogen base with
selected amino acids and 2% dextrose). Yeast mitochondria were
isolated as described previously [41].
2.2. Measurement of enzymatic activities
Malate dehydrogenase activity was determined by the spectro-
photometrical measurement of NADH oxidation at 340 nm. Triton
X-100-lysed mitochondria were analyzed in an assay buffer con-
taining 100 mM potassium phosphate buffer, 0.1 mM NADH and
0.2 mM oxaloacetate as a substrate. The extinction coefﬁcient of
NADH at 340 nm was 6.3 mM1 cm1. Cytochrome c oxidase activ-
ity was followed by measuring the oxidation of chemically reduced
cytochrome c at 550 nm. Cytochrome c was reduced by dithionite
before adding it 1:50 (w/v) to the assay buffer (40 mM potassium
phosphate buffer, pH 7.5). Reactions were started by addition of
Triton X-100-lysed mitochondria. NADH – cytochrome c reductase
activity was assessed by the change of absorbance at 550 nm dur-
ing reduction of cytochrome c. Mitochondria were added to 0.02%
(w/v) oxidized cytochrome c in assay buffer (40 mM potassiumphosphate buffer, pH 7.5, 0.5 mM NADH and 0.1 mM KCN). Con-
centrations of reduced/oxidized cytochrome c were determined
using the extinction coefﬁcient at 550 nm of 21.84 mM1 cm1
[42].
2.3. Determination of mitochondrial respiration
The consumption of molecular oxygen over time of isolated
mitochondria was measured with a XF96 Extracellular Flux Ana-
lyzer (Seahorse Bioscience, Billerica, MA, USA). After calibration
at 30 C, baseline respiration was measured in MAS buffer
(70 mM Sucrose, 220 mM Mannitol, 2 mM HEPES, 10 mM KH2PO4,
5 mMMgCl2, 1 mM EGTA, 0.2% BSA). Subsequent measurements of
oxygen consumption were performed after administration of
10 mM succinate and 4 mM ADP and after 4 mM KCN. Each sample
was assayed in triplicates.
2.4. In vitro import and assembly into isolated mitochondria
For synthesis of [35S]labeled Aim24 and Cox5a precursor pro-
tein, the open reading frame was ampliﬁed from genomic DNA
by primers containing the SP6 promoter sequence. The PCR prod-
uct was transcribed and puriﬁed (mMESSAGE mMACHINE SP6 Sys-
tem and MEGAclear kit, Ambion) and subsequently used for in vitro
translation (Flexi Rabbit Reticulocyte Lysate System, Promega) in
the presence of [35S]labeled Methionine. Radiolabeled precursor
was imported into isolated yeast mitochondria as described previ-
ously [43]. The samples were analyzed by SDS- or BN-PAGE and
[35S]labeled proteins were detected using Phosphor Screens (GE-
Healthcare) and subsequent digital autoradiography (Storm imag-
ing system, GE Healthcare).
2.5. Microscopy
Cells were analyzed using a DeltaVision Spectris ﬂuorescence
microscope (Olympus IX71; Applied Precision, Issaquah, WA). For
each image 10–15 Z-section images were taken at 0.5 lm intervals
after focusing on the middle plane of the cell. Images were decon-
voluted using softWoRx, version 3.5.1 (Great Falls, MT).
2.6. Protein isolation
For the isolation of the respiratory chain complex, mitochondria
containing ZZ-tagged proteins (protein A) were solubilized
(100 mM NaCl, 20 mM Tris/HCl (pH 7.4), 5% (v/v) glycerol,
0.5 mM EDTA, 1% (w/v) digitonin and 2 mM PMSF). After a clarify-
ing-spin, samples were incubated with IgG Sepharose and exten-
sively washed with buffer containing 0.3% (w/v) digitonin. Bound
proteins were eluted by TEV protease cleavage and analyzed by
SDS–PAGE and Western blotting.
2.7. Lipid extraction
Isolated mitochondria were extracted in 2/1 (v/v) chloroform/
methanol and subsequently washed with water and 1/1 (v/v)
methanol/water. After evaporation of the solvent the extract was
solved in chloroform and spotted on TLC plates (HPTLC Silica Gel
60 F254, Merck). The lipids were separated in 50/50/3 (v/v/v) chlo-
roform/methanol/25% ammonia and stained with 470 mM CuSO4
in 8.5% o-phosphoric acid and dried at 180 C for 10 min [44].
2.8. Miscellaneous
For SDS–PAGE and Western blotting of proteins to polyvinyli-
dene ﬂuorid (PVDF) membranes standard techniques were used.
Primary antibodies were raised in rabbit and secondary antibodies
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ECL detection system (GE-Healthcare) and X-ray ﬁlms. Blue native
PAGE was performed as described earlier [45,46]. After solubilizing
mitochondria in solubilization buffer (1% (w/v) digitonin, 20 mM
Tris–HCl, pH 7.4, 0.1 mM EDTA, 50 mM NaCl, 10% (w/v) glycerol,
1 mM PMSF) for 30 min at 4 C a clarifying spin (15 min,
20,000g, 4 C) was performed. Samples were treated with 10
loading dye (5% Coomassie brilliant blue G-250, 500 mM e-amino
n-caproic acid, 100 mM Bis–Tris, pH 7.0) and separated on a
6–16% polyacrylamide gradient gel. Activity staining of native
respiratory chain complexes was performed as described [47].
For complex IV staining, cytochrome c was reduced with 15 mg/
ml Na-dithionite and added to a concentration of 1 mg/ml to the
staining solution (0.5 mg/ml diaminobenzidine in 50 mM KPi, pH
7.4). Complex V staining was performed in 35 mM Tris/HCl pH
8.3, 270 mM Glycine, 14 mM MgSO4 0.2% Pb(NO3)2 and 8 mM ATP.
For localization of proteins in mitochondrial membranes, mito-
chondria were subjected to extraction in 0.1 M Na2CO3 (pH 11.5),
or 1% Triton X-100 supplemented with 150 mM NaCl, and then
centrifuged at 45,000 rpm at 4 C for 45 min. Samples were precip-
itated with TCA and analyzed by SDS–PAGE and Western blotting.A
C
Fig. 1. Aim24 is localized in the inner mitochondrial membrane. (A) Sequence alignment
digitatum (Pd), A. niger (An). Black, identical residues; grey, similar residues. (B) Fluoresce
promoter and stained with MitoTracker red. (C) Import of [35S]labeled Aim24 into isolated
potential (DW). Samples were analyzed by SDS–PAGE and digital autoradiography. (D)
Samples were left untreated (T) or separated in a soluble (S) and pellet fraction (P) by c3. Results
3.1. Aim24 is integrated in the inner mitochondrial membrane
Aim24 was initially described in a large screen for novel pro-
teins involved in the maintenance of mitochondrial function in
yeast [38]. In order to provide evidence for a conserved function
of Aim24 in evolution, we performed sequence alignment of poten-
tial homologues within the fungus kingdom. Aim24 shows several
regions of high sequence similarity with its homologues (Fig. 1A). A
function of Aim24 in mitochondria is supported by the identiﬁca-
tion of Aim24 in the mitochondrial proteome [18,39,40]. To exper-
imentally verify the localization of Aim24 within the cell, we
studied yeast cells expressing a fusion protein of Aim24 to the
N-terminus of the green ﬂuorescent protein by ﬂuorescence
microscopy (Fig. 1B). A GFP signal was found exclusively in a retic-
ular network within the cell resembling mitochondria. When mito-
chondria were stained with the membrane potential speciﬁc dye
MitoTracker red, a clear colocalization of Aim24 with mitochondria
was detected. Mitochondrial proteins are targeted by speciﬁc sig-
nal sequences. A mitochondrial targeting sequence (presequence)D
B
s of predicted Aim24 orthologs from S. cerevisiae (Sc), C. glabrata (Cg), K. lactis (Kl), P.
nce microscopy analysis of S. cerevisiae expressing Aim24-GFP from the endogenous
yeast mitochondria for the indicated times in the presence or absence of membrane
Mitochondria were extracted by alkaline treatment or Triton X-100 solubilization.
entrifugation and subsequently analyzed by SDS–PAGE and Western blot.
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Fig. 2. Aim24 is required for efﬁcient growth on non-fermentable media. (A) Serial dilutions of wild type (WT) and aim24D cells plated on solid minimal media containing
either glucose (SD) or glycerol (SG) as the sole carbon source. (B) Schematic representation of the AIM24 gene locus and its sequences sharing with the hypothetical ORF
YJR079W. (C) Complementation of aim24D on non-fermentable medium with plasmid encoded AIM24.
2988 M. Deckers et al. / FEBS Letters 588 (2014) 2985–2992was predicted at the N-terminus of Aim24 by computational algo-
rithms (MitoprotII 0.97 and TargetP 0.79). In order to verify that
signals within Aim24 targets the protein into mitochondria, we
analyzed the in vitro import of the Aim24 precursor into isolated
yeast mitochondria. Therefore, the protein was translated and
labeled with 35S-Met in vitro. For the import reaction, Aim24 pre-
cursor protein was mixed with energized isolated yeast mitochon-
dria. After different time points during import, mitochondria were
re-isolated and not imported proteins were removed by protease
treatment. The import of the precursor protein was analyzed by
SDS gel electrophoresis and digital autoradiography. Fig. 1C shows
the import of the Aim24 precursor (p) in a time dependent manner
into a protease-protected location in mitochondria. After the
import, the presequence of Aim24 is cleaved, generating a slightly
smaller mature product (m). The import is dependent on the mem-
brane potential, which strongly suggests that the import occurs
either into or across the inner membrane. Prediction algorithms
were able to identify hydrophobic stretches within the sequence
of Aim24, which shows characteristics of an integral membrane
span. In order to analyze the localization of the endogenous protein
within mitochondria, we directed an antibody against the C-termi-
nus of Aim24. Speciﬁcity of the signal was veriﬁed by Western blot
using a yeast strain with a deletion within the AIM24 gene (datanot shown). The antibody speciﬁcally detected Aim24 in mitochon-
dria isolated from yeast (Fig. 1D, total lanes). In order to verify an
integration of Aim24 within mitochondrial membranes we used
alkaline treatment to extract non-integral membrane proteins
from mitochondrial membranes (Fig. 1D). To monitor the success-
ful extraction, we used soluble proteins like Mge1 and Rip1
(known to be sensitive to this treatment because its membrane
integration is dominated by interactions with other proteins).
Aim24 was resistant to carbonate extraction and remained in the
sediment together with integral membrane proteins such as porin
and cytochrome c1. Aim24 was only released from the membrane
upon solubilization with Triton X-100. In summary, these data
show that Aim24 is a mitochondrial protein and integrated in the
inner membrane.
3.2. Aim24 is necessary for efﬁcient growth on non-fermentable media
In order to analyze the function of Aim24 in mitochondria, we
made use of the AIM24 deletion strain in the Euroscarf yeast strain
collection. The deletion of the coding sequence of AIM24 was con-
ﬁrmed by PCR analysis (data not shown) and the elimination of
gene expression was shown by Western blot analysis (Fig. 4B).
Serial dilutions of this strain were spotted on solid media with glu-
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type shows a signiﬁcant reduction in growth, especially prominent
at reduced and elevated temperatures, indicating a reduced efﬁ-
ciency in respiration (Fig. 2A). Analysis of the genomic region of
AIM24 indicates that the hypothetical ORF YJR079W extends within
the protein-encoding region of AIM24 (Fig. 2B). We therefore clar-
iﬁed, if the growth defect in the aim24D stain is caused by a loss of
function of YJR079W. A plasmid-encoded sequence of AIM24 was
therefore transformed into the aim24D strain and the resulting
strain was tested for complementation of the growth defect. The
observed growth defect in the aim24D mutant strain is reversed
by an expression of plasmid encoded AIM24 indicating that the
deletion of AIM24 accounts for the growth deﬁciency on non-
fermentable media (Fig. 2C).
3.3. Aim24 is necessary for efﬁcient mitochondrial respiration
As growth on non-fermentable media requires efﬁcient activa-
tion of the mitochondrial respiratory chain, we became interested,
if respiration is affected in aim24D cells. Mitochondria were0
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Fig. 3. Effect of AIM24 deletion on mitochondrial respiration. (A) Oxygen consumption r
respiration was determined, 10 mM succinate and 4 mM ADP were added as substrate an
mitochondrial oxygen consumption. In the right panel maximal respiration of wild type
isolated from wild type and aim24D mitochondria in the presence of 10 mM succinate
presence of 10 mM succinate and 4 mM ADP (left) and 10 mM malate and 4 mM ADP (r
cytochrome-c-reductase (left), cytochrome c oxidase (center) and malate-dehydrogenasisolated from wild type and aim24D cells and the consumption of
molecular oxygen over time (oxygen consumption rate, OCR) was
determined via ﬂuorescence based high-resolution respirometry
(Fig. 3A). Isolated mitochondria show only signiﬁcant respiration
after addition of substrates. We added succinate as an electron
donor for complex II and an excess amount of ADP to allow full
activation of the mitochondrial F1FO ATPase. Under these condi-
tions (state III respiration), mitochondria isolated from aim24D
yeast have a strongly reduced oxygen consumption compared to
wild type. The proportion of non-respiratory chain related oxygen
consumption was negligible as determined after the addition of
KCN, an inhibitor of the cytochrome c oxidase. In order to conﬁrm
the respiratory deﬁciency of aim24D cells with a different method,
we compared the maximal respiratory capacity for different sub-
strates using a Clark electrode (Fig. 3B). Independent of the method
used, maximal respiration in the presence of succinate and ADP
was reduced to 75% compared to control mitochondria. Whereas
the succinate dehydrogenase transfers electrons onto FAD+, malate
dehydrogenase uses NAD+ as an electron acceptor. In order to ﬁnd
out, if the defect in respiration is limited to the function of the5
Δ
0
20
40
60
80
100
WT aim24Δ
WT aim24Δ
Succinate
20
40
60
80
100
WT aim24Δ
Malate
0
20
40
60
80
100
0
m
ax
im
al
 re
sp
ira
tio
n 
(%
)
aim24Δ WT aim24Δ
20
40
60
80
100
0
M
al
at
e-
de
hy
dr
og
en
as
e 
ac
tiv
ity
 (%
)
ate (OCR) of mitochondria isolated from wild type and aim24D cells. After baseline
d respiration was measured. 4 mM KCN was added subsequently to determine non-
mitochondria was set to 100%. (B) Oxygen consumption over time of mitochondria
and 4 mM ADP measured with a Clark electrode. Oxygen consumption rates in the
ight) were compared. (C) Enzymatic assays of respiratory chain complexes: NADH-
e (right).
2990 M. Deckers et al. / FEBS Letters 588 (2014) 2985–2992succinate dehydrogenase we determined respiration, using malate
as a substrate. Oxygen consumption was found to be reduced to
64% in aim24D mitochondria compared to wild type, when malate
and ADP were used as a substrate. These data indicate a general
defect in FAD+ and NAD+ supported respiration. In order to identify
the enzymatic activity affected in the respiratory chain we per-
formed a series of measurements of the enzymatic activity of indi-
vidual respiratory chain complexes. The NADH supported
activation of complex III in aim24D mitochondria showed only a
minor reduction to 90% of wild type. The activity of complex IV
was more signiﬁcantly reduced to 78% of wild type mitochondria.
In comparison, the activity of the malate dehydrogenase (MDH)
activity was not affected by the deletion of AIM24.
3.4. Aim24 is required for the integrity of respiratory chain
supercomplexes
The defects in the enzymatic activity of respiratory chain com-
plexes triggered our interest in the structural integrity of respira-
tory chain. In yeast mitochondria, complex III forms a dimer
(III2), which itself is associated with one or two copies of complex
IV forming a supercomplex (III2IV or III2IV2) [19]. In order to ana-
lyze structural arrangements within mitochondrial membranesIII2
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Section 2.we isolated mitochondria from aim24D cells, solubilized the mem-
branes in the mild detergent digitonin and separated membrane
protein complexes by Blue native gel electrophoresis (BN-PAGE).
For Western blot detection we used speciﬁc antibodies against
components of the respiratory chain: cytochrome c1 (Cyt1) and
Rip1 for complex III and Cox1 and Cox4 for complex IV and an anti-
body recognizing mitochondrial ATP synthase (Atp5). In wild type
mitochondria, antibodies against complex III and IV constituents
detect respiratory chain supercomplexes in the high molecular
weight range with a clear prevalence of III2IV2 over III2IV. In
aim24D mitochondria, III2IV2 is hardly detected, whereas III2IV is
more abundant compared to wild type control (Fig. 4A). The pool
of dimeric complex III is clearly increased in aim24Dmitochondria,
whereas the mitochondrial F1FO ATPase (Complex V) is largely
unaffected. In summary, the data show a reorganization of the
respiratory chain in aim24Dmitochondria, which becomes evident
in BN-PAGE analysis as a strong reduction of the large III2IV2
supercomplex.
The steady state levels of mitochondrial proteins on SDS gel and
Western blotting were tested for proteins of the outer membrane
(porin), inner membrane translocases (Pam18), respiratory chain
components (Cyt1, Qcr6 and Rip1 of complex III and Cox1 and
Cox5a of complex IV and Atp5 of complex V) and a matrix proteinWT
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did not cause a signiﬁcant change in abundance of any of the tested
proteins (Fig. 4B).
We wondered if the structural changes of supercomplexes in
aim24D strains hint to a physical association of Aim24 with the
respiratory chain. We therefore performed an afﬁnity-isolation
from digitonin-solubilized mitochondria isolated from yeast
strains expressing the Cor1 (Cor1ZZ) subunit of complex III or the
Cox4 (Cox4ZZ) subunit of complex IV fused to an afﬁnity tag. The
supercomplex was isolated successfully, as indicated by the coiso-
lation of complex III components (Rip1) and complex IV compo-
nents (Cox2) in both isolations. However, Aim24 was not isolated
under these conditions (Fig. 4C). To assess if the structural reorga-
nization of the supercomplexes in aim24D mitochondria is
explained by a defect in the biogenesis of cytochrome c oxidase,
we analyzed the assembly of complex IV by importing in vitro
translated, [35S]labeled Cox5a precursor into isolated mitochondria
and monitored its integration into protein complexes by BN-PAGE
and autoradiography. Cox5a initially integrates into assembly
intermediates (cytochrome oxidase assembly, COA) that are appar-
ent as fast migrating, lowmolecular weight range complexes in the
gel, before forming supercomplexes [23–25]. Fig. 4D shows no
delay in the assembly of complexes in aim24D mitochondria. We
observed a signiﬁcant difference only in the predominant forma-
tion of the complex III2IV1 relative to III2IV2 in aim24D mitochon-
dria. These data suggest that Aim24 is not essential for complex
IV assembly. The structural integrity of supercomplexes might also
be affected by a change in the mitochondrial hallmark phospho-
lipid cardiolipin. We therefore analyzed the cardiolipin content in
lipid extracts of aim24D mitochondria by thin layer chromatogra-
phy and compared these to taz1D mitochondria, which have a
severe defect in the biogenesis of cardiolipin and instead accumu-
late its immediate precursor monolysocardiolipin (MLCL). Fig. 4E
shows that cardiolipin levels in aim24D mitochondria are compa-
rable to wild type, and no MLCL accumulation occurs, indicating
that defects in cardiolipin biosynthesis cannot account for the
reorganization of the respiratory chain.
In order to correlate the defect in structural integrity with the
defects in respiratory chain activity, we performed in-gel-activ-
ity-stains in Blue native gels. Solubilized mitochondrial mem-
branes of wild type and aim24D mitochondria were separated on
native gels and oxidation of cytochrome c by complex IV was visu-
alized by oxidation of diaminobenzidine, forming a brown precip-
itate. In wild type mitochondria, cytochrome c oxidase activity
staining correlated well with the position of supercomplexes in
BN-PAGE. In aim24D mitochondria an apparent lower activity
staining at positions of the III2IV2 supercomplex was observed.
Complex V activity was determined by the formation of lead phos-
phate, which precipitates upon the turnover of ATP to ADP and Pi
by complex V activity. The activity of the mitochondrial F1FO ATP-
ase was largely unaffected by the deletion of Aim24 (Fig. 4F).
4. Discussion
Here we show that Aim24 is required for the structural integrity
of respiratory chain supercomplexes. In aim24D mitochondria the
formation of the prominent III2IV2 supercomplex is severely
affected whereas the pool of III2IV complexes is increased. How
Aim24 regulates the assembly of supercomplexes is not known
so far. We were unable to ﬁnd a direct physical interaction
between Aim24 and complex III and IV in digitonin-solubilized
mitochondria. To exclude a role of Aim24 as an assembly factor
for complex IV we studied supercomplex formation after the
import of the [35S]labeled precursor of Cox5a and did not detect
a delay in the assembly process. As cardiolipin plays an importantrole in the assembly of supercomplexes, we became interested if
cardiolipin levels are affected in the absence of Aim24. We did
not ﬁnd any changes in cardiolipin biosynthesis in aim24D mito-
chondria, which is in line with recent data [48]. During preparation
of this manuscript Harner et al. [48] discovered a role for Aim24 in
the stability of the MICOS complex, a large protein complex neces-
sary for the mitochondrial architecture and the formation of cristae
junctions. In context of this study a deletion of Aim24 was found to
impose a severe defect on the Taz1 enzyme and on cardiolipin bio-
synthesis only in the presence of a His afﬁnity tag on the MICOS
components Mic12 and Mic26.
The formation of supercomplexes was suggested to be neces-
sary for efﬁcient energy transduction within the respiratory chain
[21]. Indeed, in respirometry analysis we were able to demonstrate
that maximal respiratory capacity in aim24D mitochondria is sig-
niﬁcantly impaired. As normal growth conditions do not require
full activation of the respiratory chain, aim24D yeast shows an
apparent defect, but not a complete loss of growth on non-fer-
mentable media. As respiration on malate as a substrate was
impaired while the enzymatic activity of the malate dehydroge-
nase did not reveal signiﬁcant difference, we focused our interest
in enzymatic activities of individual respiratory chain complexes.
Compared to a mild defect in complex III activity, complex IV
was more strongly affected in aim24Dmitochondria. The data indi-
cate, that less prominent defects in several complexes of the respi-
ratory chain and an impaired energy transduction between
complexes cause additive defects, which result in the observed
signiﬁcant defect in respiration.
As Aim24 major functions are connected to mitochondria, it
was important to verify its mitochondrial localization. We were
able to show that Aim24 possesses a N-terminal signal sequence,
which directs Aim24 into mitochondria and is cleaved immediately
after the import of the protein. We could demonstrate the mem-
brane potential dependent transport of the precursor protein,
strongly suggesting an involvement of inner membrane translo-
cases in the transport process [9–12]. In carbonate extractions
Aim24 is resistant to alkaline extraction, which indicates that
Aim24 is integrated into the inner membrane. In summary, we
characterize Aim24 as a protein of the mitochondrial inner mem-
brane, which affects the structural integrity of the mitochondrial
respiratory chain supercomplexes and thereby affects the energy
transduction, necessary for efﬁcient growth on non-fermentable
media.
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